Precipitation is the most critical climatic element that directly affects the availability of water resources. The objective of this study was to describe and discuss spatio-temporal patterns of annual precipitation, its aggressiveness, and its concentration along the southwest coast of South America (36°-49°S) from 1930 to 2006. An annual and multi-decadal analysis was applied to 107 sampling stations distributed throughout this region, using the MannKendall test (MK), and the Sampling Uncertainty Analysis (SUA) coupled with Gumbel probability density function (SUA-Gumbel). The analysis revealed positive but not significant trends in annual precipitation and aggressiveness for the region between 36°and 44°S, at least during the last 50 years of the analysed period. However, a significant decrease in annual precipitation and aggressiveness was observed between 44°and 49°S during the same period. The annual concentration of precipitation became slightly more seasonal in the last 50 years within the entire study area.
Introduction
The effects of global warming on environmental ecosystems, especially on water resources, are an important topic of study, not only for researchers, but also for society as a whole. In Chile, the abundance of water resources in the sparsely populated southern region, contrasts with the lack of water in the densely populated north-central region, posing a significant problem of availability and distribution of this vital resource (Valdés-Pineda et al. 2014) . To overcome this problem, which will become worse in the next decades according to climate change predictions (e.g., Meehl et al. 2007 , Kirtman et al. 2013 , Christensen et al. 2013 , meaning even less water availability in both the north-central and southern regions, it will be necessary to carry out detailed environmental impact studies to assess the risk of building large engineering projects aimed to develop a homogeneous water distribution system in national territory. This could be in fact one of the best options to mitigate the adverse effects of global warming and drought over the coming decades. Most likely, the country will have to transport water from the regions with greater water availability to those with much less or scarce water resources. This solution will be possible only if the availability of water resources in these southern regions remain temporally and spatially stable. This represents a challenge, as water cycle modifications have been described as one of the most significant consequences of global warming (Allen and Ingram 2002, Huntington 2006) . In this context, the study of the spatial and temporal precipitation patterns is crucial to understanding changes in precipitation trends and how they affect the availability of water resources (Randall et al. 2007) .
Both aggressiveness and concentration indices (Table 1) have been extensively used to assess possible modifications in the water cycle, and also to describe hydrological and morphological processes. For example, Oduro-Afriyie (1996) constructed risk maps for erosion due to rainfall in Ghana using the Fournier Index (FI). Pascual et al. (2001) applied the Modified Fournier Index (MFI) and precipitation concentration index (PCI) to analyse the annual and monthly precipitation patterns, including aggressiveness and concentration, in the Valencia region (Spain). Da Silva (2004) used the FI to describe the spatial distribution of annual erosivity in Brazil; Martin-Vide (2004) analysed the daily patterns of spatial distribution of precipitation concentration in Spain, applying the PCI method. Gabriels (2006) investigated precipitation behaviour for different European countries using the MFI and PCI; Angulo-Martínez and Beguería (2009) estimated FI values from daily precipitation records in the Ebro basin (NE Spain). De Luis et al. (2010) determined rainfall erosivity in the Mediterranean Iberian peninsula. De Luis et al. (2011) calculated the mean values of precipitation in annual, seasonal, and wet/dry periods, applying the PCI in Spain to compare two periods (1946-1975 and 1976-2005) . The list is endless, but only a few applications of the methods described above have been conducted in Chile. Pizarro et al. (2008) , for example, calculated the FI, MFI, and PCI in order to assess the patterns of annual precipitation in part of central Chile (between 32°and 36°S), proposing a modification of the MFI, the Modified Fournier-Maule Index (MFMI), to better describe the precipitation aggressiveness. However, there is still a lack of information on this topic in the northern and southern regions of Chile.
The main objective of this study is to describe and discuss spatio-temporal patterns of annual precipitation, its aggressiveness, and its concentration along the southwest coast of South America (36°and 49°S) from 1930 to 2006 . Further details about the methods and results obtained in this study are presented in the Appendix.
Materials and methods

Study area and dataset
The study area is located between the east Pacific coast of South America and the Andes Mountains; it spans a linear north-to-south distance (36-49°S) of more than 1000 km, with an area of more than 200 000 km 2 , which is about 32% of the country (Fig. 1) . The study region includes five administrative divisions, or regions: Biobío, Araucanía, Los Ríos, Los Lagos, and Aysén. The great latitudinal extent and the topography of the country result in highly variable rates of precipitation, varying from as low as 1 mm year −1 in the northern arid regions, to more than 4000 mm year −1 in the southern wet regions (Carrasco et al. 2008, Quintana and . Also, a west-to-east variation occurs, with precipitation increasing due to the orographic effect of the coastal and Andes Mountains ranges. Two patterns of annual precipitation can be identified within the study area: (1) In central there is a well-defined annual cycle characterized by peaks in winter seasons and much lower values in summer seasons, with the summer values gradually increasing to the south (see details in Falvey and Garreaud 2007 , Quintana and Aceituno 2012 , Garreaud 2013 . This climatic type is known as Mediterranean Climate (DMC 2010) . Rainfall is generally of frontal origin, and the annual progression of monthly mean rainfall frequency is similar within different parts of the region (Carrasco et al. 2008) . (2) In southern-austral Chile (40-56°S), on the other hand, the pattern consists of The classifications for the indices were extracted from Pizarro et al. (2008) . The MFMI classification was proposed for this study. PCI j is the Precipitation Concentration Index for year j expressed as a percentage. P ij is the precipitation for month i in year j. P j is the annual precipitation for year j.
Highly seasonal Irregular abundant monthly precipitation through all the seasons, reaching a total of more than 4000 mm year −1 along the western side of the Andes (Carrasco et al. 2002 , Villarroel et al. 2013 . In the coastal areas, annual precipitation increases as one moves south: annual precipitation of about 1000 mm year −1 can be observed in Concepción (36°46′S), 2000 mm year −1 in Valdivia (39°48′S), 3000 mm year −1 in Chiloé (41-43°S), and more than 4000 mm year −1 in Puerto Cisnes (44°44'S).
The Köppen-Geiger climate classification system between 36°and 49°S latitudes south is type C, corresponding to warm temperate climate where precipitation typically exceeds evaporation rates (Kottek et al. 2006 , DMC. 2010 .
A comprehensive quality control analysis (QC) of the data was conducted for approximately 42 000 monthly precipitation records provided by the Dirección General de Aguas (DGA), the Chilean Government institution in charge of monitoring and managing water resources (for details see Valdés-Pineda et al. 2014) . Gaps in the records were filled using linear regression with nearest-neighbour stations, taking into account those with smaller differences based on the coefficient of determination (Pizarro et al. 2009 ). Only those years with missing data for less than or equal to 6 months were completed. Finally, only 2.3% of the total monthly data under analysis was estimated using linear regression. Moreover, the average percentage of missing annual data for the entire study area was less than 5%, and most stations with missing data were located south of 45°S. All told, annual accumulation (mm) time series data were obtained for 107 raingauges with different periods of records between 1930 and 2006 (see supplementary material). These annual series varied from a minimum of 13 years to a maximum of 74; more than 70% of the raingauges had between 13 and 40 years of records, and only about 30% of them had records with more than 40 years. Spatially, more available and consistent records were found in the northern region of the study area (36-39°S). For instance, discontinuous series were found mostly in stations located around 45°S (Aysén Region). The lack of consistent recording is due to both the population distribution and agriculture/forestry-and livestock-related activities.
Calculation of aggressiveness and concentration of precipitation
Analysis of the aggressiveness and concentration of precipitation can contribute to determine spatio-temporal changes of rainfall accumulation. For instance, the FI estimates the erosive characteristics (aggressiveness) based on the most rainy month of each year within a given time period (Fournier 1960) . Arnoldus (1978) proposed a modification of the original FI by using the annual precipitation accumulation; this modified version was named the MFI. Later, Pizarro et al. (2008) proposed another variation that called the MFMI, which also adopted the annual precipitation accumulation; however, the differences between it and the Arnoldus version consist primarily of the final values range for the classification. Pizarro et al. (2008) found that the MFMI allows a clearer delineation of the climatic aggressiveness in central Chile. For any given year j, the MFMI increases potentially when annual accumulation of precipitation is larger than the mean annual precipitation. Also, the MFMI has the same value of mean annual precipitation when annual precipitation for a given year j equals the mean annual precipitation.
In addition to these indices, the PCI proposed by Oliver (1980) is a powerful indicator of the temporal precipitation distribution that has traditionally been applied on an annual scale. This index describes whether the annual precipitation is temporally concentrated in a single month or it is evenly distributed throughout the year (see Table 1 ); thus, increasing values indicate a greater concentration of precipitation. The PCI is a part of the FI, with a long tradition of application in natural system analyses such as soil erosion studies.
A spatial screening approach using mean values for annual precipitation, its aggressiveness, and concentration was applied as a first step of our analysis. The annual precipitation dataset obtained from the 107 raingauges was used to calculate the FI, MFI, MFMI, and the PCI. As in previous studies, all four indices were used at the same time to observe spatio-temporal differences in annual aggressiveness and concentration of precipitation within the study area (Michiels et al. 1992 , Pascual et al. 2001 , Apaydin et al. 2006 , Gregori et al. 2006 , Munka et al. 2007 , De Luis et al. 2010 , 2011 , Costea 2012 ). The FI was calculated for each station using the ratio of the most rainy month of the year j over the mean annual precipitation. The MFI version was calculated using the squared monthly accumulation of a given year j to mean annual precipitation. The MFMI was calculated considering the squared total monthly accumulation of a year j over the mean annual precipitation.
The PCI was calculated using the sum of the squared total monthly precipitation during the year j over the square of the annual precipitation accumulation for the same given year j. This index was used to determine whether the annual precipitation is temporally concentrated or evenly distributed (e.g., Shi et al. 2015) . PCI values range from 8.3% when rainfall is distributed evenly throughout the year to 100% when annual rainfall is concentrated in a single month (Oliver 1980) .
Spatio-temporal analyses for annual accumulation, aggressiveness, and concentration of precipitation
The possible influence of climate change on the temporal and spatial pattern of precipitation can be determined by parametric and non-parametric statistical tests (Helsel and Hirsch 1992) . Several procedures for detecting trends in hydrological data were defined by Robson (2000, 2004) . These procedures are generally classified as: (1) an ordinary leastsquares regression analysis (LR), for which the residuals are assumed to follow a normal distribution, possibly with time-varying mean (Hirsch et al. 1993 , Salas 1993 ; (2) non-parametric tests such as the MannKendall (MK) trend test (Kendall 1938 , 1975 , Mann 1945 , which measures the relative ordering of all possible pairs of data points (Haylock et al. 2006) . Zhang et al. (2004) indicated that LR was found to be less reliable than the MK method. However, both approaches tend to perform similarly when the sample becomes smaller. It is important to point out that shorter records can provide misleading results, but sometimes due to data scarcity it is important to report such changes so they can serve as a baseline for future studies and water management activities (Drápela and Drápelová 2011) . For the MK analysis, if the duration of the dataset n is 9 years or less, the absolute value of the S-statistic is compared directly with the theoretical distribution of S derived by Mann and Kendall (Gilbert 1987) . On the other hand, if n is at least 10, the normal approximation (Z-statistic) is used. However, if there are several tied values (e.g., equal values) in the time series, the validity of the normal approximation can be reduced when n is close to 10. In this study, at least 13 years of data were used to estimate the Z-statistic at each raingauge. Both LR and MK approaches have been widely used in hydro-climatological trends analyses (e.g., Hirsch et al. 1993 , Yu et al. 1993 , Burn 1994 , Hipel and McLeod 1994 , Lettenmaier et al. 1994 , Gan 1998 , Douglas et al. 2000 , Yue and Pilon 2004 , Karmeshu 2012 , Mondal et al. 2012 , Da Silva et al. 2015 .
For the purposes of this study, all the time series were first screened by applying the MK test, e.g., the calculation of trends for longest records as presented in Table 3 . Then, a multi-decadal analysis was performed over the entire series , by reviewing the overlapping sub-periods: 1930-2006, 1936-2006, 1946-2006, 1956-2006, 1966-2006, 1976-2006, 1986-2006, and 1996-2006 . The idea behind creating different multi-decadal datasets is to homogenize the length of the data series (prior to MK calculation). This temporal homogenization facilitates the detection of spatial patterns when statistically significant changes have been detected within long or short temporal scales. Shorter periods (n ≤ 20) were included because of the lack of data in most southern regions; these periods were also used to observe spatial and temporal differences in trends. With this in mind, it is reasonable to suggest that for this type of data the longer extent of records is still not adequate to identify statistically significant trends, because shorter records are more likely to produce a significant trend than longer records, especially if a sequence of wet or dry years dominates during a shorter period. Therefore, raingauges with the longest records should produce a more reliable trend estimate, statistically significant or not.
It is important to point out that the selected stations in each sub-period contained at least 70% of the records of the period studied. For the most southern region (Aysén), the acceptable criterion was 65% due to lower data availability. The MK test was performed for annual rainfall accumulation (mm), aggressiveness (FI, MFI, and MFMI), and concentration indices (PCI) (significance levels of α = 1% and 5%) for all 107 raingauges used in this study.
The results of the MK test can be expressed in terms of a standardized slope (Z-score); therefore, in order to estimate the true slope of the calculated trends, the Sen's nonparametric method was also applied (Sen 1968 , Theil 1992 ). The confidence intervals for the Sen's slope method were calculated for the measures of annual accumulation (mm year −1 ), aggressiveness (FI, MFI, and MFMI), and concentration indices (PCI), considering each available raingauge within each sub-period.
Finally, an index for assessing the relevance of the significant trends (α < 0.1) was created by calculating the quotient between the significant (positive or negative) trends (S T ) and the total number of analysed stations in the study area (region) (N), using the following expression: I ST = 100 × [S T/ N]. The idea behind the use of this Index of Significant Trends (I ST ) was to obtain an indicator for determining the strength of the significance associated with the positive or negative trends, relative to all stations within each administrative region, as well as in the whole study area. One relevant point to be emphasized in relation to this analysis is the fact that statistical significance, usually quoted to support scientific and political argument, depends critically on the null hypothesis of no trend. Therefore, any inconsistency between the null hypothesis and the natural system can itself lead to rejection of the null hypothesis. This also leads to the point where some statistical trend tests fail because they tend to overstate the statistical significance of observed trends, especially those with presence of long-term persistence (Cohn and Lins 2005) . The idea behind this analysis is the fact that statistical significances must be treated with restraint, taking into account that natural systems cycles may be much larger than we expect.
Assessing trend significance through sampling uncertainty analysis (SUA) coupled with Gumbel probability density function (SUA-Gumbel)
The Gumbel probability density function (PDF) (1958) has been widely used to perform Frequency Analysis of annual precipitation series (e.g., Linsley et al. 1977 , Témez 1978 , Pizarro 1986 , Ponce 1989 , Chow et al. 1994 , Monsalve 1999 , Pizarro et al. 2001 , UNESCO. 2007 , Pizarro et al. 2012 , in part due to the low number of parameters and the simple calculation of its quantiles (Clarke 2002) . Some studies have compared the performance of different probability distributions; for example, Koutsoyiannis (2004) compared the Gumbel and the EV2 PDFs and found that this latter distribution more accurately fits rainfall extremes. In Chile, Pizarro et al. (2012) indicated that the Gumbel distribution more precisely fits extreme flow and rainfall values in the temperate and wet climates of Central Chile (32-36°S), than do other commonly used distribution functions, such as the log-Normal, Goodrich, and log-Pearson Type III.
The Sampling Uncertainty Analysis (SUA) through the construction of confidence intervals for Gumbel and the Weibull PDFs, and the use of the Bootstrap resampling technique have been analysed in detail by Hall et al. (2004) . The authors used Bootstrap resampling techniques to evaluate quantile estimates obtained from these two frequency PDFs. Different sample sizes were generated by Monte Carlo methods from Gumbel and Weibull's populations and the parameters of those samples were estimated using the Maximum Likelihood Method (MLH). Their results showed that resampled confidence limits obtained for the Gumbel distribution performed better than those obtained for Weibull, since they were found to be comparable with those based upon a well-known theoretical approximation (when n ≈ 30). In this study, to account for the distortions (e.g., estimate the uncertainty of the trends) caused by those samples that may not be fully representative of the total dataset, the bootstrapping (resampling) method (Efron 1979 ) was applied. For this reason, a Monte Carlo approach was used to compute 1000 random samples with replacement using data from each period of interest (Kalos and Whitlock 2008 , Kroese et al. 2011 , Quintana and Aceituno 2012 , Fishman 2013 . Then the confidence intervals (α = 5%) for the annual accumulation (mm year −1 ), the aggressiveness (FI, MFI, and MFMI), and the concentration of precipitation (PCI) were calculated for the return periods of T = 30 and T = 50 years at each station, and for the same subperiods defined for the MK analysis (see Fig. 2 ). The Goodness-of-Fit for the Gumbel PDF was calculated by the nonparametric Kolmogorov-Smirnov test (Massey 1951) , which showed that 100% of the cases of annual accumulation, aggressiveness, and concentration were statistically significant. In addition, the Coefficient of Determination R 2 (Steel and Torrie 1960, Dougherty et al. 2000) was used to evaluate the goodness of fit for the Gumbel PDF.
The statistical significance of the temporal changes in annual accumulation (mm), aggressiveness, and concentration of precipitation was analysed by observing the tails of the calculated confidence intervals at each sub-period in the analysis. In this context, any overlapping of the tails when comparing two or more periods indicated that the observed trends were not statistically significant. On the other hand, no overlapping of the confidence intervals indicated significant trends (α = 0.05). Finally, the results obtained from this analysis were compared to those significant trends identified by the MK approach, in order to validate the initial results and determine possible similarities or differences in temporal or spatial patterns. Details about the methodological steps applied in this study are shown in Fig. 2 .
Results and discussion
The spatio-temporal assessment of precipitation accumulation represents an important source to evaluate patterns and its relation to different climate variability modes (e.g., Southern Oscillation through El Niño and La Niña phenomena), but also to calculate precipitation aggressiveness (FI, MFI, and MFMI), which is important in assessing rainfall's erosive potential and impacts on soil erosion. Changes in the annual concentration of precipitation (PCI) can result in reductions or increases of both the frequency of wet days and the precipitation intensity, which in turn can have a significant impact on productive activities and on the design of hydraulic works. Earlier studies on various climate oscillations and their influence on intra-seasonal, inter-annual, and inter-decadal precipitation variability in Chile are reviewed and discussed in Section A of the Appendix, with the purpose of providing the current state of the art (background) related to our study area.
Spatial patterns for annual accumulation, aggressiveness, and concentration of precipitation
Consistent sets of time series with the same length and starting year were initially screened depicting similar spatial patterns to those observed for the historical averaged time series (Fig. 3) . The main observable difference was the fact that the number of raingauges (spatial coverage) decreases when the length of records under analysis becomes larger. Between 36°and 45°S, the mean annual rainfall increases southward; this is the fact that increased precipitation is received south of 35°S mostly due to the passage of winter frontal systems moving eastward from the Pacific (Garreaud 2009, Quintana and .
Precipitation amounts also increase eastwards (e.g., an altitudinal increase) due to the orographic effect; in fact, the windward slopes of the Andes of Central Chile (32-35°S) can experience up to twice the precipitation observed over the west lowlands Garreaud 2007, Viale and Garreaud 2015) . Our available data show that the latitudinal precipitation increment is less evident in the Andean area between 45°and 48°S, where lower mean annual rainfall values occur. In fact, the lowest value for annual rainfall (203.7 mm year −1 ) in the entire study area was found in Estancia Valle Chacabuco gauge station (around 47°S in Aysén Region). Though the reasons for this low value are unknown, it occurred probably because of the location of the gauge stations on the leeward side of some hills (rain shadow), or simply because of the elevation of the 0°C isotherm, which is much lower over these southern regions (reaching values as low as 1500 m a.s.l), meaning a greater area of precipitation falling as snow over the Andean foothills ).
The maximum historical mean values registered for the whole study area were found in the western part of the Aysén region around 45°S in the Puerto Cisnes station (3556.8 mm year −1 ). However, the maximum annual amount registered for a single year in the whole study area was observed about 40°S at Lago Maihue station (5058 mm year
) during the El Niño event of
1982. This latitudinal band of maximum precipitation coincides with the intersection of the coastline and the storm track (35-45°S in winter and 45-55°S in summer) as stated by . In concordance with the equations presented in Table 1 , positive correlations were found between mean annual precipitation (mm) and aggressiveness (FI, MFI and MFMI) (Fig. 4) , ratifying that higher annual accumulation (mm) corresponds to higher aggressiveness. The spatial patterns of climate aggressiveness were similar to those from precipitation patterns, revealing both a latitudinal and altitudinal increase roughly from Biobío to Los Lagos regions (36-43°S). Higher aggressiveness also occurred along the Andean areas, with values ranging from moderate to very high aggressiveness. This is most likely because some winter frontal systems approaching South America at subtropical latitudes (30-35°S) are blocked and strongly modified by the Andes (Seluchi et al. 2006) ; therefore, precipitation (aggressiveness) tends to increase inland, and the moist air is forced to ascend over the western aspect of the Andes, up to a maximum just upstream of the Andean ridge ). On the other hand, the area between 44°and 48°S (Aysén region) showed a reduction of climatic aggressiveness at higher altitudes, especially observed at those gauge stations located over the Andes.
A negative relationship was found between the mean annual accumulation and the mean annual concentration of precipitation (PCI), suggesting that years with higher annual precipitation are related to uniform or moderately seasonal concentration of precipitation. The historical mean annual concentration observed in the study area was mainly a seasonal concentration between 36°and 39°S (Biobío and Araucanía regions), and also in the Andean area of the Aysén region between 42°and 48°S. The PCI analysis revealed uniform to moderately seasonal annual concentration in the coastal areas, between 42°and 48°S. The PCI also demonstrated a strong negative relationship to latitude between 36°and 44°S. This means that along this latitudinal gradient the seasonality decays leading to a more uniform concentration of annual precipitation. This reflects the fact that the circumpolar storm track intersecting the continent experiences only minor seasonal changes between 40°and 50°S (Nakamura and Shimpo 2004, Garreaud 2009 ). These findings echo those of De Luis et al. (2011) , who indicated that changes in PCI are complex and appear to be related to global atmospheric features and both synoptic and local factors affecting precipitation trends. A regional classification of mean annual precipitation and hydrological indices in the study area was also performed, taking into consideration the number of ground stations related to each level of annual precipitation, aggressiveness, and concentration. Similar FI results were found for the Biobío and Araucanía regions, demonstrating a low to moderate aggressiveness in most of the analysed stations. Aggressiveness was more variable in the analysed stations located in Los Rios, Los Lagos, and Aysén regions. Moderately seasonal to seasonal annual concentration was observed in the Biobío and Araucanía regions (36-39°S), and moderately seasonal concentration seen in the Los Rios, Los Lagos, and Aysén regions (39-49°S) (see Supplementary Material).
Spatio-temporal trends in annual accumulation, aggressiveness, and concentration of precipitation
The I ST for the whole area under study was about 10% (negative trends) and 7% (positive trends). This analysis also showed that most of the significant positive (negative) trends of annual accumulation (mm) and aggressiveness are concentrated in the band 36°to 44°S
(44-49°S). The annual PCI showed significant positive trends within the whole study area. The I ST for the entire area revealed a positive trend value of about 12%; however, the negative trend value was only about 2% (for details see Table 2 ).
The trends calculation for longest records of annual accumulation (mm) in each administrative region ), respectively. For the area between 40°and 49°S, slightly non-significant negative changes were observed over the last 34 years at the Los Lagos region, around 41°S. Significant trends were observed over the last 40 years only in the Aysén region, especially around 45°S, where, in the most notable case, negative annual changes of more than 20 mm year −1 were found (see Table 3 ).
The results obtained from the multi-decadal analysis of annual accumulation (mm), aggressiveness, and concentration, considering all available records within each selected sub-period, concurred with those found for the entire dataset and also with the stations with the longest records. More than 80% of the analysed stations displayed positive trends for the sub-period 1986-2006; in the regions from 36°to 43°S, especially, about 15% of the stations displayed significant changes. A tendency shift was observed mainly from 44°S southward (Aysén Region), where most of the analysed stations displayed negative trends; about 30% of the stations displayed significant results and precipitation reductions of as much as 50 mm year −1 . Similar percentages of positive and negative variations were observed for the entire study area for the sub-period 1976-2006; however, only the negative trends were statistically significant. A slightly general negative trend was revealed for the entire study area over the last 30 years. The greatest decreases were around 30 mm year −1 in the Biobío Region (36°S), and about 40 mm year −1 in the Los Rios Region (40°S) (Fig. 5 ).
During the last 40, 50, and 60 years, positive trends prevailed for the area between 36°and 40°S, displaying significant increases up to 10 mm year −1 . Southern latitudes showed strong negative trends with significant decreases of more than 20 mm year −1 (Aysén Region).
The sub-periods 1936-2006 and 1930-2006 showed a similar number of stations with positive and negative tendencies; however, significant changes were similar to the ones observed in shorter timescales. That is, more significant positive trends occurred in northern regions located between 36°and 43°S, and more significant negative trends in the southernmost region of Aysén from 44°to 49°S (Fig. 5) . The patterns obtained from the Sen's slope analysis were also plotted for the sub-periods 1936-2006, 1966-2006 and 1996-2006 . Longer records displayed less dramatic trends in annual precipitation, aggressiveness, and concentration; for example, for the 1936-2006 period, positive (negative) trends in annual precipitation reached a maximum value of around 7.4 mm year −1 (6.7 mm year −1 ). However, the trend was found to gradually increase over the different decadal series analysed; for instance, the maximum values increased more than 20-times in the shorter sub-period 1996-2006. This difference in the intensity of trends is due mainly to the fact that a series of wet or dry years is more likely to dominate during shorter periods, thus generating more significant results (Fig. 6) . As previously mentioned, the results obtained for annual precipitation (MK and Sen Methods) are also applicable to annual changes in aggressiveness (FI, MFI and MFMI) . Positive trends in annual climatic aggressiveness were found in most of the stations deployed between 36°and 44°S, and for most of the analysed subperiods. Also, the results revealed a larger number of stations with significant positive trends than the stations with negative changes (I ST = 10% for positive trends, and I ST = 5% for negative trends between 1946 and 2006 and for the entire study area). On the other hand, our analysis revealed a decrease in climatic aggressiveness primarily in the stations south of 44°S for most of the sub-periods analysed; in this case, most of the stations showed significant negative trends (Fig. 7) .
In the longest records of annual concentration (PCI), significant positive trends were found in most parts of the study area (36-49°S), especially for the last 40 years, suggesting a slight change from moderately seasonal to seasonal concentration. The I ST calculated for the positive trends in PCI during the last 40 years depicted that 23% of the raingauges located within the study area showed significant positive trends. These gauges were mostly concentrated between 36°and 39°S (Fig. 8) . In the analysis of shorter and more recent sub-periods, most of the stations also displayed increased annual concentration values; however the I ST for the whole study area was only 2% for both negative and positive trends. Despite this, for all the analysed sub-periods the observed changes were always lower than 1% (see Fig. 8 ).
Sampling uncertainty analysis through gumbel PDF (SUA-gumbel)
The Gumbel PDF was found statistically appropriate to fit annual series of accumulation (mm), aggressiveness (FI, MFI, and MFMI), and concentration of precipitation (PCI). For instance most of the R 2 values were above 0.9, and 100% of the results were significant (p-values <0.01), validating the selection of the Gumbel PDF as an appropriate distribution for the study area.
As mentioned in the methods section, the SUAGumbel was applied by calculating the Gumbel confidence intervals (CI) (α = 5%) for quantiles T = 30 and T = 50 years (obtained from Monte Carlo and bootstrapping), for each selected station, and for each selected sub-period (see Table 4 ). The comparison of the CI calculated for annual accumulation, aggressiveness, and concentration of precipitation for each sub-period allowed us to determine significant changes within the study area. When only comparing the bracket values of the CI, similar spatial and temporal patterns to those found by the MK test were observed for the entire study area (36-49°S), with a larger number of stations showing positive changes over 36-44°S, and a smaller number of stations showing negative changes over 44-49°S (these include significant and non-significant changes.). Despite the fact that the number of stations with positive annual changes was larger than the number with negatives ones, the rate of the positive changes was smaller (up to 100 mm year −1 ) than the rate of the negative changes. For example, in some stations located around 45°S, the observed negative changes were more than 5-times larger than the positive changes observed in the northern part of the study area (Fig. 9) .
The significant trends of annual accumulation, aggressiveness (FI, MFI, and MFMI), and concentration of precipitation (PCI) obtained from the MK test were compared to the results obtained from the Gumbel sampling uncertainty analysis. Most of the significant positive changes in annual accumulation and aggressiveness between 36°and 44°S found by the MK test proved non-significant through SUAGumbel, since overlapped CI were observed when comparing the same sub-periods. However, significant results were observed from both approaches when analysing the negative trends. In addition, this analysis revealed that: (a) significant negative changes dominate the most-southern region (45°and 49°S); and (b) significant negative changes also can be observed during the last 30 years between 36°and 44°S, especially in some raingauges located in the Andes Mountains (Fig. 9) . However this result cannot be considered as part of the general pattern, since slightly positive nonsignificant trends were observed between 36°and 44°S for the raingauges with longest records (especially during the last 50 years). The most southern area (44-49°S ) showed the same pattern in the Gumbel analysis as that found by the mean of MK analyses, confirming significant negative trends particularly over the last 50 years (Fig. 9) .
Similar results to those previously stated for precipitation patterns were observed for climatic aggressiveness, Table 4 . Sampling Uncertainty Analysis (α = 5%) using Bootstrapping and Monte Carlo Methods (T = 30 years), for stations with the longest data selected in the study area, and for the periods 1930-2006, 1946-2006, 1966-2006, and 1986-2006. Location station S Lat (°) W Lon (°) Altitude (m) 1986-2006 1966-2006 1946-2006 1930-2006 LL is the lower limit, BV is the bracket value, and UL is the upper limit. NaN represents the periods with insufficient data for applying the analysis. The low-right number in the lower right corner of each plot corresponds to the numbers in the map, and representing the location of each station. The original time series (black axis) is also represented for each station.
with slight and non-significant increases in climatic aggressiveness over the last 50 years for most of the stations located between 36°and 44°S (FI, MFI and MFMI). On the other hand, precipitation became more seasonally concentrated (PCI) for most of the analysed stations in the entire study area, but the rates of annual concentration changes in any sub-period were always less than 1% per year.
Discussion of main findings
The results found in this study revealed no significant trends for those stations with the longest records distributed between 36°and 44°S. However, the stations located in the band 44-49°S displayed strongly significant negative trends over the last 50-70 years (see Table 3 ). The multi-decadal analysis revealed significant positive (negative) trends within the band 36°and 44°S (44°and 49°S), especially for the last 50-60 years. However, during the last 30-40 years a negative pattern has dominated the entire study area. This latter result was confirmed after analysing the sampling uncertainty for all the significant MK results, since only the negative trends were significant after applying this approach. The climate aggressiveness (FI, MFI, and MFMI) results showed similar patterns to those observed for the annual accumulation, that is, a reduction in aggressiveness during the last 30-40 years throughout study area. The concentration of precipitation (PCI) has become slightly more seasonal over the same period.
Having these results in mind, it is relevant to mention that an important fraction of the significant trends detected by our study could be attributed to the 1976-1977 climate shift of the Pacific Ocean. This cold to warm shift of sea surface temperature (SST) on the eastern and central North Pacific was first reported by Nitta and Yamada (1989) and Trenberth (1990) . Some years later a detailed depiction of this phenomenon was published by Miller et al. (1994) . Some studies have dealt with its effects in the South American climate system (e.g., Agosta and Compagnucci 2008 , Collins et al. 2009 , Carvalho et al. 2011 ; while other local studies have reported the 1970s shift along the west coast of South America in terms of El Niño-like interdecadal variability of SST (Montecinos and Aceituno 2003) ; the interdecadal variability of coastal upwelling along the arid coast of northern Chile and Peru (Vargas et al. 2007) ; and the surface air temperature (SAT) variability along the subtropical west coast of South America (18-30°S) Garreaud 2009, Schulz et al. 2012 ).
The 1976-1977 climate shift influence in South America was recently analysed by Jacques-Coper and Garreaud (2014) . The authors calculated the annual mean precipitation difference (mm day −1 ) between 1961-1973 and 1978-1990 using gridded data from the University of Delaware and the Global Historical Climatology Network (GHCN). The results depicted significant negative trends spanning the band 35-55°S
, but being more significant south of 40°S. For the period 1976-2006 our multidecadal analysis (Fig. 5) revealed that 10% of the 46 raingauges analysed during that period showed significant negative trends which spanned the entire study area (36°and 44°S). Furthermore, we did not observe significant positive trends confirming that the negative pattern is evident in our records as well, and could be in part explained by the 1976-1977 climate shift. The strength of this abrupt shift has been attributed to a change of phase of the Pacific Decadal Oscillation (PDO) coincidently with the El Niño-Southern Oscillation (ENSO) phenomenon and probably another source of low-frequency variability (Jacques-Coper and Garreaud 2014).
Our results also agree with those obtained by Quintana and Aceituno (2006) , who calculated linear trends for 34 raingauges distributed between 30°and 53°S for the 30-year period 1970-2000. The authors indicated that annual rainfall did not exhibit a significant trend in central Chile between 30°and 34°S. However, in the southern part of the study area a strong negative trend was detected, especially in the band 40-44°S. Quintana and Aceituno (2012) analysed a dataset of annual accumulation (mm) obtained from 66 raingauges located between 30°and 55°S. They also found a statistically significant decrease in annual precipitation (1950-2000) for some Chilean sampling stations between 38°and 46°S by calculating confidence intervals using the Monte Carlo test with a significance level of 95%. The same authors also stated that a strong decadal variability dominates records of precipitation. The main source of this variability must be probably associated with the phases of the PDO, or perhaps another source of low frequency variability, e.g., a multidecadal oscillation with cycles larger than 30 years which need to be studied in detail to determine their effect on aggressiveness and concentration of precipitation.
Rubio-Álvarez and McPhee (2010) identified a significant decrease in streamflow trends affecting the region between 37.5°and 40°S. They indicated that the results are consistent with decreasing precipitation trends in the same area. Quintana and Aceituno (2012) found positive trends (since the 1980s) between 30°a nd 35°S. The authors also indicated that the significant downward trends in annual rainfall that have prevailed since 1950 for the southern portion of central Chile (37-43°S) can be linked to both a decrease in the frequency of rainfall episodes, and a reduction of daily precipitation intensity that lasted until the 1990s. They also noted that the meridional gradient of sea-level pressure (SLP) between mid-and high-latitudes in the southeast Pacific Ocean seems to be a key factor in the inter-annual rainfall variability in this region. Thus, the prevailing negative trend in rainfall can be partially influenced by the continued strengthening of the meridional gradient of SLP during recent decades. This favours a poleward shift of the westerly jet stream and the mid-latitude stormtrack. One of possible causes of this shift is the depletion of stratospheric ozone (by anthropogenic halogen compounds) which would affect the southern hemisphere climate by forcing the SLP to decrease in high latitudes and to increase in mid-latitudes (e.g., Solomon 2002, Marshall 2003) . For instance Son et al. (2009) created past and future scenarios with greenhouse-gas forcing to analyse the impacts of the stratospheric ozone on the southern hemisphere (SH) climate by using IPCC/AR4 models. From their results it was possible to suggest that ozone depletion has likely contributed to: (1) decreasing lower-stratospheric temperatures, (2) increasing tropopause height, (3) poleward shifting of the westerly jet stream in midlatitudes, (4) expanding the Hadley cell poleward, (5) increasing high-latitude precipitation, and (6) increasing the AAO Index. Additionally, their results indicated that these effects probably can be reversed by ozone recovery in the next decades. These changes in the atmospheric circulation at mid-latitudes in the southeast Pacific are also coherent with the observed positive trend in the AAO during recent decades, revealing a strengthening and southward shifting of the baroclinicity zone in the mid-latitudes over the whole southern hemisphere circumpolar region. These changes have modified the rainfall regime in other extratropical regions such as South Africa, Australia and New Zealand (e.g., Gillett et al. 2006 , Silvestri and Vera 2009 , Ummenhofer et al. 2009 ).
Future scenarios described by global and regional climate models (Meehl et al. 2007 , Kirtman et al. 2013 , Christensen et al. 2013 indicate that during the 21st century, central and southern Chile will see a decrease in precipitation and an increase in the tropospheric air temperature. These changes will impact the availability of water resources in the next decades, and therefore, it will be necessary to evaluate how to secure those regions with future deficit of water. These future climate trends affecting the southern hemisphere stormtrack and the trends of the Antarctic Oscillation (AAO) are still unclear, because more detailed research is needed to determine the influence of greenhouse gases on the depletion or recovery of the Antarctic ozone layer, particularly on the AAO's summer trends as stated by Arblaster et al. (2011) .
Conclusions
The non-parametric MK test and SUA using Gumbel PDF through bootstrapping and Monte Carlo approaches were used to detect spatio-temporal trends in southern Chile (36-48°S) for the period 1930-2006, considering the entire set of records at each station but also different multi-decadal sub-periods. Both the MK and SUA-Gumbel revealed similar temporal trends. However, only negative changes in annual accumulation and aggressiveness were found to be significant with both statistical approaches.
Smaller annual change rates in annual accumulation, aggressiveness, and concentration of precipitation were always found for stations with longer records. For instance, the annual precipitation and aggressiveness in central Chile between 36°and 44°S (the Biobío, Araucanía, Los Rios and Los Lagos regions) have not significantly changed, at least in the last 50-70 years. On the other hand, the southern Aysén region (44-48°S
) displayed a significant decrease in annual precipitation and aggressiveness during a similar period. This decrease was observed primarily in stations located closer to the Pacific Ocean. The annual concentration of precipitation became slightly more seasonal within the entire study area, mainly during the last 50 years.
The analysis of spatio-temporal trends and the use of long-term records depicted essential information for decision makers, especially due to significant decreases observed in the region of Aysén. The implications of these findings depend specifically on the link between the current policy of water resources, and the proposed hydroclimatic indices used to make it operative. For example, future environmental impact studies could include the use of these indices as a way to establish appropriate limits of action when assessing the feasibility of small-and large-scale engineering projects.
Climate variability modes affecting the study area Different modes (Equator to Poles) have been defined to characterize climate system fluctuations within different temporal scales. The well-known phenomenon identified as El Niño-Southern Oscillation (ENSO), involves the interaction between ocean and atmosphere (both of which reinforce changes in each other) and occurs when the Pacific Ocean and the atmosphere above it change from their neutral (normal) state over several seasons (Halpern 1987; Halpert and Ropelewski 1992; Hoerling and Kumar 2000) . The tropical Pacific Ocean and the atmosphere oscillate between warm, cool, and neutral phases on a timescale of a few to several months, even years. El Niño events are associated with positive anomalies of the sea surface temperature (warming) in the central and eastern tropical Pacific, while La Niña events results from the opposite, with persistent negative anomalies (cooling) in these same areas (Bureau of Meteorology 2012). El Niño accompanies high Sea Level Pressure (SLP) in the western Pacific, but at the same time a weakening of the South-west Pacific High Pressure Centre (SPHP). The cold phase, La Niña, accompanies low SLP in the western Pacific and a strengthening of the SPHP centre (Trenberth et al. 2007) . It is also welldocumented that ENSO is one of the natural mechanisms that modulate climate behaviour in Chile on inter-annual timescales, ranging from 3 to 6 years (Rutllant and Fuenzalida 1991 , Aceituno and Garreaud 1995 , Garreaud and Batisti. 1999 , Díaz and Markgraf 2000 , Montecinos and Aceituno 2003 . ENSO events are associated with aboveaverage winter rainfall in central Chile (30-°S) and in late spring (October-November) in the southern region (35-38°S ), while in non-ENSO years rainfall deficit is typically observed during winter in central Chile and during the following summer (January-February-March) from around 38°to 41°S (Montecinos and Aceituno 2003) .
Other climatic modes also have an impact on precipitation in Chile. Thompson and Wallace (2000) analysed monthly anomalies of geopotential height in both hemispheres, identifying what they called Annular Modes. In the southern hemisphere this annular mode is the Antarctic Oscillation (AAO) pattern which is the leading mode of the empirical orthogonal function (EOF-1) obtained from daily 700-hPa geopotential height anomalies (Mo 2000) . This is another source of low-frequency variability that influences precipitation patterns over the study area; it is characterized by pressure anomalies of one sign centred in the Antarctic continent and anomalies of the opposite sign on a circumglobal band at about 40-50°S. The positive phase of the AAO commonly results in warming of the surface air temperature south of 40°S. AAO-related precipitation anomalies are significant in southern Chile (the greatest at 40°S) and along the subtropical east coast of the continent , Villalba et al. 2012 , Quintana and Aceituno 2012 .
Another mode that influences the precipitation regime in Chile is the Pacific Decadal Oscillation (PDO) (Mantua et al. 1997, Bond and Harrison 2000) , also called Interdecadal Pacific Oscillation (IPO). This is a cycle of 15-30 years that displays sea-surface temperature and sea-level pressure patterns similar to those of ENSO. The PDO is the leading EOF of monthly sea-surface temperature anomalies (warm or cool surface waters) over the north Pacific (poleward of 20°N
), but affects both the north and south Pacific oceans and adjacent regions. During the warm (or positive) phase, the west Pacific becomes cool and part of the eastern ocean warms. When this happens, El Niño events prevail in frequency and intensity. On the other hand, during the cool (or negative) phase, the opposite pattern occurs and La Niña episodes are more frequent and lasting.
Another mechanism is the Madden-Julian Oscillation or MJO Julian 1971, 1972) . The MJO is the leading mode of intra-seasonal variability in equatorial-tropical weather on weekly to monthly timescales. It is characterized by the fluctuation of the atmospheric pressure over the equatorial Indian and western Pacific oceans, which results in an eastward-moving pulse of deep convective clouds and rainfall from the Indian to the Pacific Oceans every 30-60 days. The atmospheric circulation associated with the MJO not only modulates precipitation in the equatorial-tropical regions of the Indian and western Pacific oceans, but also the extratropical region such as the Chilean territory facing the south-eastern Pacific Ocean (Carrasco 2006 , Barrett et al. 2012 . Extended Empirical Orthogonal Function (EEOF) analysis has been applied to pentad 200-hPa velocity potential (CHI200) anomalies equatorward of 30°N during ENSO-neutral and weak ENSO winters (November-April) from 1979 to 2000. The results describe 10 particular phases (indices) associated with MJO. These phases represent different conditions as the MJO convection propagates from the Indian Ocean through the Pacific Ocean and into the Western Hemisphere (for details see http://www.cpc.ncep.noaa.gov/products/precip/CWlink/ MJO/mjo.shtml). Barrett et al. (2012) carried out composites analysis of rainfall and rainfall intensity in central-south Chile (30-45°S) in relation to the real-time multivariate MJO index. They found that above-normal precipitation and greater frequency of heavy precipitation occurred during phases 8, 1, and 2, while below-normal precipitation took place in phases 3-7. In other words, when the deep convective clouds and rainfall are located in the Pacific sector, the atmospheric circulation can demonstrate an ENSO-like pattern; therefore, during this phase it is more likely that precipitation and heavy rainfall events occur (Carrasco 2006 ).
Mann-Kendall test
The Mann-Kendall test is applicable in cases when the data values x i of a time series can be assumed to follow the model:
where f t i ð Þ is a continuous monotonic increasing or decreasing function of time, and the residuals ε i can be assumed to be from the same distribution with zero mean. It is, therefore, assumed that the variance of the distribution is constant in time. The objective is to test the null hypothesis of no trend, H o , e.g., the observations x i are randomly ordered in time, against the alternative hypothesis, H 1 , where there is an increasing or decreasing monotonic trend. In the computation of this statistical test, the S statistic and the normal approximation (Z-statistic) are used. When time series is less than 10 years the S test is used, while for time series with
